Herein, a theoretical investigation on the reaction of triallyl isocyanurate (TAIC) in the UV radiation crosslinking process of polyethylene is conducted at the B3LYP/6-311+G(d,p) level for the production of high voltage cable insulation materials, where the reaction potential energies of 10 reaction channels are identified. The HOMO-LUMO energy gaps, ionization potentials, and electron affinities of the raw materials, product, and by-product in polyethylene insulation composite products are obtained.
Introduction
Cross-linked polyethylene (XLPE) has been widely applied for high voltage cable insulation materials due to its excellent electrical and mechanical properties. The peroxide crosslinking reaction is the traditional process used for the synthesis of high voltage polyethylene cable insulation; however, this process has various disadvantages (e.g., slow production speed, high energy consumption, pre-cross-linking of the material on the surface of the extrusion die during long production periods). The ultra-violet (UV) radiation crosslinking process may become a candidate for the fabrication of the high voltage cable material XLPE. [1] [2] [3] [4] [5] [6] With the aid of a photoinitiator, UV energy can easily penetrate the insulation wall and induce cross-linking when the insulating wall is transparent because polyethylene crystals melt aer heating by extrusion. The advantages of UV crossing compared to the traditional process include fast processing speed, small radiation zone, energy saving, and the production is not thermosensitive. Experimental investigations have shown that the rate of the UV radiation cross-linking reaction is not only inuenced by power, radiation spectrum of the mercury lamp, and UV light emitting diode (LED) hybrid system, but also the type and content of photoinitiator and crosslinker. [4] [5] [6] With the use of the multifunctional crosslinker triallyl isocyanurate (TAIC), the crosslinking process of polyethylene via UV radiation can be as fast as milli-seconds, whereas the crosslinking rate is only on the minute timescale with the use of only photoinitiator. However, the reaction mechanism of polyethylene cross-linking via UV radiation at the atomic and molecular levels are not very clear thus far, particularly with the use of a crosslinker. Therefore, to elucidate the chemical reactions occurring during the UV radiation cross-linking of polyethylene for the development of insulation wall materials for high voltage cables, the role played by the crosslinker should be clearly understood.
Under a high and divergent electric eld, partial discharge and insulation failure are oen initiated by electrical treeing.
7,8
The rated voltage of XLPE insulated power cables is limited to 500 kV even though XLPE is manufactured with super-clean technology. Research has shown that some organic polycyclic aromatic compounds or those with benzophenone-like structures, which serve as voltage stabilizers, can increase the resistance to electrical treeing effectively. [9] [10] [11] [12] [13] [14] [15] Using theoretical studies, our group rst elucidated the mechanisms of aromatic carbonyl compounds as voltage stabilizers for increasing the electrical breakdown strength of XLPE in 2013. [16] [17] [18] the polymeric matrix. Thus, aromatic carbonyl and benzil-type compounds with a larger alkoxy chain can effectively increase the compatibility with the polyethylene matrix and improve the electrical treeing inception level signicantly. 13, 14 This inspired us to investigate if polyethylene chains can be graed with voltage stabilizer molecules to yield stationary products during the UV radiation cross-linking process for the fabrication of XLPE insulation materials possessing permanent insulation performances.
What type of reactions occur between the photoinitiator and multi-functional crosslinker with polyethylene in the UV radiation cross-linking process and is it possible that the voltage stabilizer or antioxidant molecules gra to the polyethylene molecule chain? The reactions in the UV radiation cross-linking process have been investigated using density functional theory (DFT), 19 where the possibilities of voltage stabilizer graing have been studied. Generally, the main materials for the preparation of XLPE are cross-linkable polyethylene, benzophenone (Bz) photoinitiator, hindered phenol antioxidant, voltage stabilizer, and the multi-functional crosslinker triallyl isocyanurate (TAIC). In this study, three molecules, 4-methylheptane (Pe), valerophenone (Vp), and 2,6-di-t-butyl-4-nbutylphenol (Bp), are selected as model molecules for crosslinkable polyethylene, voltage stabilizer, and antioxidant, respectively. The molecular formula, molecular name, and corresponding abbreviations of the studied molecules are listed in Table 1 . The spin-orbit couplings are taken into account to clarify the mechanism of the S 1 / T 1 decay, which were investigated experimentally.
20- 24 The lowest excited singlet state is S 1 (n, p*), which originates from the S 1 (n, p*) ) S 0 transition of 26 180 cm À1 (3.25 eV). The origin of the rst triplet state T 1 (n, p*) ) S 0 is at 24 224 cm À1 (3.00 eV).
25
Fang and co-workers 26 theoretically discovered the existence of the S 1 /T 2 /T 1 intersection, which results in S 1 / T 1 intersystem crossing taking place at a high rate. This is the reason why aromatic carbonyl compounds are highly phosphorescent. In this study, the benzophenone-initiated chemical reactions in the UV radiation cross-linking process are investigated only at the lowest triplet state.
To the best of our knowledge, no theoretical study has addressed the role played by TAIC in the UV radiation crosslinking process at the atomic and molecular levels. Herein, we aim at providing a systematic investigation on the possible reactions taking place during the benzophenone initiation of radical polyethylene molecules and the TAIC multiplication and acceleration of cross-linking during the polyethylene UV radiation cross-linking process in the presence of a voltage stabilizer and antioxidant. The UV radiation cross-linking reaction mechanism is proposed on the basis of a theoretical study, which would be useful for the rational molecular design of additives and the optimization of the UV radiation cross-linking process for real applications. Table 2 Optimized bond lengths of broken/formed bonds (b/f) for the transition states, and the corresponding reactant bonds, product bonds (all in angstroms), and calculated broken/formed bond frequencies (in cm À1 ) at the T 1 state at the B3LYP/6-311+G(d,p) level of the 9 reaction channels, and the reaction channel forming PTAIC1 at the S 0 state 
Computational methods
The equilibrium geometries of the reactants and products in the neutral and ion states were optimized at the ground state using the B3LYP 27-30 functional with the 6-311+G(d,p) basis set, including the stationary points for the formation of the PTAIC1 reaction channel, except for the stationary points of the 9 reaction channels in their triplet state. In this study, the frequencies are also calculated using the same method. On the basis of these calculations, the energy gap (E g ) between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), the ionization potential (IP), and the electron affinity (EA) are obtained. The minimum energy path (MEP) is obtained by intrinsic reaction coordinate (IRC) theory with a gradient step-size of 0.05 (amu) 1/2 bohr.
Then, the rst and second energy derivatives are obtained to calculate the curvature of the reaction path and the generalized vibrational frequencies along the reaction path. All the electronic structure calculations are performed using GAUSSIAN09 program package. 31 The relevant schematic formulae can be dened as follows:
, and E(M) represent the energies of the cation, anion and neutral species in their lowest energy geometries, respectively; E + (M) and E(M + ) refer to the energies of cation and neutral species with the geometries of neutral and cation, respectively; E À (M) and E(M À ) are the energies of anion and neutral species with the geometries of neutral and anion, respectively, v and a represent the vertical energy based on the geometry of the neutral molecule and adiabatic energy from the optimized structure for both the neutral and charged molecule, respectively. A schematic of the geometric coordinate modi-cations and energy changes is given in Fig. 1. 
Results and discussion

Stationary point geometries
The optimized geometric structures at the rst triplet state T 1 of the reactants and transition states of the 9 TAIC cross-linked reactions at the B3LYP/6-311+G(d,p) level and the reaction channel forming PTAIC1 at the ground state S 0 are presented in Fig. 2 . In addition, the other optimized equilibrium geometries of the stationary points at the ground state are presented in Fig. 2 . The optimized bond lengths of the broken and formed bonds for the 10 transition states, the corresponding reactant C-H bonds, and the product O-H bond, and the calculated corresponding harmonic vibrational frequencies are listed in Table 2 . The chemical reaction equations of the possible TAIC cross-linked reactions in the upper cross-linking production processes are included. All the transition states are conrmed by normal-mode analysis to have only one imaginary frequency corresponding to the stretching modes of the coupled broken and formed bonds. The other harmonic vibrational frequencies are conrmed by normal-mode analysis to have real frequency. The transition states are abbreviated as the corresponding TS and the reaction channels are represented as R. In Table 2 , it can be seen that the transition state structures at the T 1 state of the 9 studied hydrogen abstraction reactions have a common character. The elongation of the C-H broken bonds in the Pe, Vp, and Bp model molecules is smaller than that of the corresponding formed O-H bond in equilibrium PTAIC, which indicates that these hydrogen abstraction reactions are all reaction-like, i.e., the reaction pathways will proceed via "early" transition states.
Energies: frontier MOs, IPs, and EAs
The IP and EA of a molecule are important parameters to estimate the capacity for its reduction and oxidation, respectively. Table 3 lists the calculated values of the vertical and adiabatic IPs and EAs at the B3LYP/6-311+G(d,p) level and the corresponding experimental data 32 (in bracket), as well as the calculated HOMO-LUMO energy gap (E g ). The B3LYP//6-311+G(d,p) level was conrmed to be suitable for the current study since the computational values of the adiabatic ionization potentials IP(a) and the electron affinities EA(a) at this level are in agreement with the corresponding experimental values in our previous study, 33 which indicates that the theoretical results herein are reasonable and reliable. The varied trends of the IP and EA are similar to that for the negative value of the corresponding HOMO and LUMO energies, respectively. In Table 3 , it can be seen that E g depends on the energy difference between the s and s* (s / s*) orbitals in the carbon chain, E g decreases with an increase in the carbon chain length and the values of E g (Vp, 5.19 eV) are lower than those of Ap. The introduction of phenyl or heteroatom groups into the molecule are propitious for electronic dissociation because of the high HOMO energy levels and small ionization potentials in terms of Koopmans' theorem, where the E g value is the energy gap of p / p*. Thus, E g (Bz, 4.90 eV) < E g (Ap, 5.20 eV) < E g (Pe, 8.38 eV). In addition, p-p-p conjugated effects are present between the carbonyl groups and benzene rings in Bz, and the conjugated system in Bz is larger than that of Ap. As a result, it can also be concluded that E g (Bz) < E g (Ap). The energy of the electronic transition is lower when E g decreases. Carbonyl is an electron-withdrawing group and -OH is an electron-donating group, and thus the electron density on the benzene ring in Bp is larger than that of Vp, resulting in weaker electron accepting ability in Bp than that in Vp, where EA (Bp, À0.73) < EA (Vp, 0.33). Similarly, EA (PBz, À0.03) < EA (Bz, 0.73). These conjugated aromatic carbonyl or ) with zero-point energy (ZPE) corrections at the T 1 state at the B3LYP/6-311+G(d,p) level of the 9 reaction channels, and the reaction channel forming PTAIC1 at the S 0 state together with the bond breaking dissociation energies of the corresponding reactants (all in eV) benzene ring molecules possess stronger capability of trapping electrons than that of an aliphatic chain. They also possess lower IP than Pe and give rise to collision ionization before the polyethylene chain is ionized. This can prevent the degradation of the polymer matrix when they are present in XLPE insulation composite products, which is consistent with Ashcra's suggestion. 7 They can trap the hot electron and decrease the kinetic energy of the hot electron so that the hot electron does not have enough energy to break the C-C bonds of XLPE. In addition, they can also decrease E g with a decrease in transition energy, where the electronic transition dissipates the hot electron energy and prevents degradation of the polymer matrix. As a result, they can effectively inhibit the initiation and propagation of electrical treeing in XLPE and simultaneously strengthen the electrical breakdown strength that XLPE can endure. Furthermore, the insulating XLPE material exhibits an elevated AC breakdown strength.
Energetics and mechanism
The reaction enthalpies at 298 K (DH at the QCISD(T)/6-311+G(3df,2p)//B3LYP/6-311+G(d,p) level of benzophenone is 2.95 eV in this study, which is in good agreement with the experimental value of 24 224 cm À1 (3.00 eV) reported by Ito and co-workers. 25 During the UV radiation cross-linking process, benzophenone is excited from the ground state S 0 to the singlet excited state S 1 and then transformed into the triplet excited state T 1 through ISC. Benzophenone at the T 1 state initiates a hydrogen abstraction reaction with Pe, Vp, or Bp to form the corresponding radicals. The initiation behavior of benzophenone was explored in detail in our previous study. 34 Under the action of UV-light and benzophenone photosensitizer, TAIC at the T 1 state reacts with Pe, Vp, and Bp. The reaction potential barrier for the formation of Pe2 by benzophenone is 0.20 eV, 34 whereas the reaction potential barrier for the formation of Pe2 by TAIC is 1.70 eV in this study. PTAIC transports electrons and protons from PTAIC1 via TS quickly with the reaction potential barrier of 0.66 eV, the double bond opens in PTAIC through intra-molecular isomerization reaction, and the PTAIC1 radical cross-links with the PE radical at three reaction sites, where the multiplication crosslinking effect is present. This is the reason that the UV radiation cross-linking reaction of polyethylene is initiated by benzophenone, and the multi-functional cross-linker TAIC needs to take part in the cross-linking process. For the 9 radical forming reactions by TAIC, the reaction potential barrier for the formation of Pe2 is close to that for Vp2 and Bp2. This means that it is possible to form Vp2 and Bp2 when forming Pe2. Specically, the polyethylene molecule chain radical Pe2 not only reacts with other Pe2 to form XLPE, but also works with the voltage stabilizer Vp2 and the antioxidant Bp2 to yield inactive products. Thus, the voltage stabilizer and antioxidant can gra to the polyethylene chain in the UV radiation cross-linking process. The reaction channel RVp2 is easier than RPe2 due to the larger electronegativity of O than that of C and the aromatic ketone of Vp2 exhibits a conjugated effect. The potential barriers of the reaction channel RBp4 are smaller than that of the corresponding reaction channel RPe4 because the bond breaking dissociation energy in Bp4 is 3.56 eV, which is smaller than that of 3.91 eV in Pe4. Therefore, the H in Bp4 can dissociate easily which leads to more facile Bp4 radicals with lower energy barriers. The reactions of the benzophenone initiated PE radicals are exothermic, as stated in ref. 34 , which would promote the cross-linking reactions by TAIC further with an increase in temperature up to 180 C according to the production process.
Therefore, the cross-linkable polyethylene is only cross-linked by UV radiation with the benzophenone photoinitiator with a rate on the minute timescale, whereas the rate is on the second timescale in the presence of TAIC. Vp may be effective as a voltage stabilizer in real applications to increase the breakdown strength of insulating XLPE materials since it can be bonded to the polyethylene chain via the UV radiation crosslinking process. New experimental efforts are required to optimize the polyethylene UV radiation cross-linking process and develop insulation materials for high-voltage cables that can withstand more than 500 kV in real applications.
Conclusion
A systematic theoretical study on the TAIC multiplication and acceleration of the cross-linking reaction mechanisms in the polyethylene UV radiation cross-linking process has been carried out at the atomic and molecular levels. The reason why benzophenone initiates the radical reaction and TAIC accelerates the cross-linking reaction has been explained. Aromatic ketone voltage stabilizer Vp and hindered phenol antioxidants Bp molecules can be bonded to the polyethylene chain during the polyethylene UV radiation cross-linking process based on the correlating reaction potential barrier analysis, where it is favorable to tolerate a local high electric eld. The suggested mechanism may provide reliable information to optimize the UV radiation cross-linking process, to select photoinitiators, cross-linkers, and antioxidants, and design the perfect voltage stabilizer for real applications.
